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Lean satellite concept uses non-conventional development and control techniques to 
supply useful products to the patron at a low rate and without taking a good deal time 
to recognize the satellite venture as it is based on the use of Commercial Off the Shelf 
(COTS) components. 
Nowadays, access to space is falling due to capital investment in lean satellite 
development. For example countries like Ghana, Bangladesh, Mongolia, and Bhutan 
successfully deployed their first country’s satellite (1U CubeSat) into ISS orbit using the 
Lean satellite concept.  
Thermal Vacuum Chamber (TVC), plays a major role to analyze satellite thermal 
behavior and functionalities to ensure mission success and survivability. Many of today’s 
thermal vacuum test programs require uniform and precise control over wide temperature 
ranges while minimizing operating budgets is a challenge of practical importance. Thermal 
vacuum chambers usually used for satellite testing consist of uses shroud filled Liquid 
Nitrogen (LN2) and Infra-red Irradiators (around −195 °C to +150°C) based thermal 
vacuum chambers or shroud filled silicon oil with mechanical refrigeration and Infra-red 
Irradiators (around −80 °C to +150 °C). 
 However, in the case of space activities in developing countries especially in Africa, 
research has shown that South Africa has an operational thermal vacuum chamber facility. 
Some of the main challenges include the usage of TVC facility is expensive especially for 
universities, lack of experts to develop, operate and maintain TVC, and the use of LN2 to 
generate cryogenic temperatures is difficult for emerging space countries. 
This research project introduces an economical and straightforward testing technique 
known as the Peltier-based Thermal Testing (PeTT) vacuum chamber which utilizes Peltier 
Technology implemented in a vacuum chamber create to simulate cold and hot 
temperatures. The PeTT device components are available from online vendors, which make 
it possible to have access to replicate in any area of the world and can be an effective 
system to build human capacity development in satellite thermal vacuum test. 
The verification of the PeTT Vacuum Chamber was performed using a Cubesat 
engineering model to check its functionality under low and high-temperature cycles and 
results meet the standard test standard requirements of the ISO-19683: Design qualification 









Chapter 1 – Introduction 
 
Lean satellite concept uses non-conventional development and control techniques to 
supply useful products to the patron at a low rate and without taking a good deal time 
to recognize the satellite venture as it is based on the use of Commercial Off the Shelf 
(COTS) components [1].  
Nowadays, access to space is falling due to capital investment in lean satellite 
development. For example countries like Ghana, Bangladesh, Mongolia, and Bhutan under 
the Birds-series Project initiated by Kyushu Institute of Technology [2, 3], successfully 
deployed their first country’s satellite (1U CubeSat) into ISS orbit using the Lean satellite 
concept. However, it was shown in [4] that lean satellites have an excessive rate of mission 
non-success tends to point out that thermal vacuum testing is not satisfactory.  
Thermal Vacuum Chamber (TVC) plays a major role to analyze satellite thermal conduct 
and purposely to ensure mission fulfillment. Recent TVC test programs require uniform 
and precise control over wide temperature ranges while minimizing operating budgets is a 
challenge of practical importance. Solutions to these challenges have traditionally driven 
interest in the usage of one type of TVC made of recirculating heat transfer fluid to move 
waste heat to a refrigeration chiller for control of internal vacuum surfaces [6,7]. However, 
these systems are limited by the usable temperature range of the heat transfer fluid, and a 
single fluid is often incapable of managing the temperature range required of many test 
protocols. Another type of TVC varies thermal control surfaces using piped in liquid 
nitrogen (LN2) trimmed by resistive heaters large enough to yield the desired test article 
temperatures. This is usually accomplished either using a flooded cold wall and large 
enough heaters to bring the test article to the desired temperatures or by injected LN2 via 
control valving and heat as needed into the system. Whiles this method can provide fast 
ramp rates with precision steady-state temperatures, the power and LN2 consumption rates 
required can be staggering, possibly limiting the testing duration due to budget constraints 
and consumable availability and are owned by few institutions [4,7]. 
There are specific forms of standards to be had to decide the temperature and stress stages, 
of thermal vacuum assessments considering the types of test levels. These standards include 
but not limited to the General Environmental Verification Standard for Goddard Space 
Flight Center GSFC-STD-7000[13], European Cooperation for Space Standardization 
(ECSS-EST-10-03A)[14], ISO19683: Design Qualification and Acceptance Test of 
Spacecraft and Units[8], Japan Aerospace Exploration(JAXA JERG-2-130)[15] and 
Department of Defense Handbook MIL-HDBK-340A Test Requirements for Launch, 








research study ISO19683: Design Qualification and Acceptance Test of Spacecraft and 
Units [8] are discussed in detail in the next paragraph. 
    ISO19683: Design Qualification and Acceptance Test of Spacecraft and Units[8]: 
provides the minimum thermal vacuum test requirement (-15oC to +50oC) [8] and test 
methods to qualify the design and manufacturing methods of commercial lean satellites and 
their unit. The ISO 19683 places significance on attaining reliability at the same time 
as keeping low value and fast supply and is applied to lean satellites such as CubeSat 
whose development methods are different from the ones used for traditional satellites. This 
calls for an affordable and straightforward thermal vacuum testing facility that can 
somehow meet ISO 19683 thermal vacuum testing requirements without necessarily using 
the traditional TVCs for lean satellite testing. Furthermore, the usual is meant to 
enhance the well-built of small-scale satellites, especially those with a commercial purpose, 
and promote worldwide trade of small-scale satellite products by providing a minimum 
level of assurance that a product made of non-space qualified commercial-off-the-shelf 
parts and units can work in space. The standard also aims to serve as a testing guideline for 
those who intend to enter satellite manufacturing through the development of small-scale 
satellite products [8, 9]. 
However, in the case of space activities in developing countries especially in Africa, 
research has shown in [9] that there is a huge gap when it comes to access to space 
infrastructure. To investigate further we conducted a research survey with the purpose to 
create an inventory of AIT facilities in Africa regions to provide easy access to AIT 
facilities in Africa for satellite and space systems development during the 7th African 
Space Leadership Conference (ALC) held in Abuja, Nigeria on the 5th to 7th November 
2018. Space experts and researchers from 18 different countries in the African Region 
contributed to this research survey which includes Southern Africa (South Africa and 
Namibia), North Africa (Egypt, Tunisia, and Algeria), Central Africa (Cameroon), Eastern 
Africa (Rwanda, Kenya, South Sudan, and Ethiopia) and West Africa (Nigeria, Senegal, 
Ghana, Burkina-Faso, Cote D'Ivoire, Benin, Togo, and Mali). From the survey outcome, 
South Africa is the most effective country in Africa equipped with an operational thermal 
vacuum chamber facility. Some of the main challenges facing Africa are TVC facility is 
expensive especially for universities, lack of experts to develop, operate and maintain TVC, 
and the use of LN2 in some parts of Africa is not common [18].  
Therefore the question of investigation is what is the affordable and easy access thermal 
vacuum testing facility that can be suitable for space activities in developing countries 
[36]? 
This research goal attempts to provide easy access, economical and straightforward 








Testing (PeTT) vacuum chamber to simulate hot and cold temperature limits. The key 
benefits of this research are to increase home-grown lean satellite testing and human 
capacity development in developing countries. The PeTT device components are easily 
available from online vendors which make it helpful to replicate in any part of the world.    
There are ¦ve main goals the studies attempt to achieve: 
1. Acquire on-orbit temperature limits of lean satellites especially CubeSats launched 
into ISS orbit and Sun-synchronous orbit (altitude of 400 - 600km ) to be used in the 
design and development of the PETT Vacuum Chamber. 
2. Design, Development, and Verification of  a PeTT device  
3. Assembly, Integration, and Operation of a Vacuum Chamber to achieve less than 10-4 
Pa  
4. Integration of PeTT device inside the simulated Vacuum Chamber  
5. Demonstrate the PeTT Vacuum Chamber capability using real lean satellites 
especially Cubesat and ensure the result meets the test standard of ISO19683: Design 
qualification and acceptance test of spacecraft and units [8]. 
The research dissertation has been separated into seven chapters. in this chapter one, 
the issues to be tackled, the overall studies' purpose, benefits, and objectives were 
introduced. In chapter two affords the history and literature applicable to 
the research as precise. Chapter three presents details of the design and development of the 
PeTT device which covers the design criteria for selecting the temperature range, numerical 
analysis, components, and specification of the PeTT device and its cost summary. Chapter 
four presents details of the Installation of the vacuum chamber which covers the overview 
schematic configuration, selected components, and specification of the chamber structure, 
pumping systems, and Control, and Instrumentation Units and its cost summary. The fifth 
chapter presents details of the Integration of the PeTT device and Installed Vacuum 
chamber which covers the overview of the schematic configuration and its specifications. 
The sixth chapter presents the test results and discussions of the status parameters of the 
vacuum chamber which includes the diffusion pump and its cooling fins maximum 
operating temperature and its ultimate chamber pressure under no-load condition. Besides, 
check the maximum cold and hot temperature limit of the PeTT device surface plate and its 
shroud under no-load condition. Finally, the demonstration of PeTT Vacuum chamber 
capability using real engineering model (EM) Cubesat named Birds-2S and Birds-4. The 










Chapter 2 – History and Literature 
 
The principle of a thermal vacuum chamber and its configuration type and the principle of 
Peltier technology and its applications are explained.  
2.1. Principle of Thermal Vacuum Chamber and its configuration types 
Steven et al [10] defined the thermal vacuum chamber as a system to check 
spacecraft systems examine behavior, evaluating its thermal balance and functionalities 
to ensure mission fulfillment and survivability. Initially, TVCs were designed for 
conventional satellites. Since the advent of lean satellites, however, TVCs have been re-
designed to fit lean satellite needs. Stevenson et al. [11, 12,] presented the broad overview 
on the technical evolution of TVC from conception (at the beginning of the 1960s) to the 
present moments of 2016 and identified conventional operational requirement and functions 
of the various state of the art commercial chambers which consist of the structure of the 
chamber, the vacuum system, the thermal regulation system, controls and instrumentation, 
and the supply system [7]. To simulate the vacuum environment, the structure of the 
chamber and vacuum systems monitored by control and instrumentation systems are used 
to generate high vacuum from 10-1 Pa to 10-7 Pa up to ultra-high vacuum from 10-7 Pa to 
10-10 Pa environment and to simulate the cold and hot environment, the thermal regulation 
system mostly equipped with thermal radiative shroud system and supply systems(example: 
liquid/gas Nitrogen, silicon oil, Infra-red emitters/heaters) are used to generate as close as 
the cold and hot temperature environment in outer space. Figure 2-1 shows the basic 
components of a thermal vacuum chamber and each of the components' basic operations as 
explained. 
 









Chamber Structure  
The structure of the chamber permits the generation of vacuum and thermal radiation 
phenomena, which can be a critical trait to generate the outer space environment. One way 
for defining the scale of a chamber is the minimum operation vacuum pressure degree it 
would support. The material chamber manufacturing shall meet certain requirements such 
as mechanical properties under radiation and extreme temperatures, vapor pressure, 
impermeable to gases and can prevent impurities and substances retention[[11,12]. An 
example of chamber structure material includes 303 stainless steel, aluminum. Figure 2-2 
shows the different shapes of the structure of the chamber and its rigidity level. The 
spherical structure of a chamber has the highest rigidity and can withstand different 
pressure levels as compared to a square type chamber. The structure of the chamber has 
mechanical interfaces known as flanges [7,12]. Flanges come in different shapes and design 
levels based on the standards (ISO, ANSI, DIN) [10]. Flanges allow the connection 
between several types of equipment, pumps, valves, sensors, filters, and many more [4,11]. 
Figure 2-3 shows an example of a 3-D card drawing of a  chamber with flanges. 
 
Figure 2- 2  Rigidity levels of Chamber structure [10]. 
Vacuum Systems 
    To generate a vacuum in a chamber is through a managed evacuation of particles within 
the gaseous state, which commonly includes the air located within the chamber. The 
vacuum systems are also known as the pumping system which consists of roughing vacuum 
pumps and a high vacuum pump to decrease pressure inside from atmospheric pressure 
101.325 kPa to 10-1Pa (roughing vacuum pump) and from rough vacuum pressure down to 
ultra-high vacuum (10-1Pa to 10-10Pa) [6,7,11]. The most used pumping systems for 
decreasing the vacuum pressure in the chamber include but not limited to Positive 
displacement pumps, cryogenic pumps, Adsorption pumps, Diffusion pumps, Ion pumps, 









Figure 2- 3 Structure of a Chamber showing its flanges. 
 
 
Figure 2- 4 Pumping systems used in the vacuum chamber. (a). Cryopump-Cryo Torr 8 
Helix (b). Diffusion Pump VHS-10-Varian (c).Turbopump TW501- Ley bold (d).pHX 
Mechanical booster pump Edwards [7,11,12]. 
 
Thermal Regulation System 
    The thermal regulation device is installed between the space object and the internal 








normally equipped with control systems that contain liquid or gaseous materials to control 
temperature levels Thermal platens perform the same operation as a shroud, but the 
differences are thermal transfer characteristics [4, 7, and 11]. Figure 2-5 shows the location 
of the shroud, thermal platen installed inside the structure of the chamber. 
 
Figure 2- 5  Thermal Regulation system. Courtesy of Angelatonic Inc [11] 
 
Control and Instrumentation System 
   This permits the system operator to monitor the elements used in each phase of the low-
pressure operation and enables the user to track, monitor, and engage in temperature control 
operations [6, 11 and 12]. It has equipped advanced control systems to automatically 
monitor stages of operation and safe manual operation using a Graphical Unit Interface that 
allows effective engagement between the system operator and the control monitoring unit. 
The Instrumentation system such as the pressure gauge sensors, temperature sensors, allows 
the chamber operator to observe the pressure levels and temperature changes during 
operations controlled and monitored by system computers. The monitoring system 
computer also monitors and controls the opening and closing of the control electronic valve 
for LN2 injection and retains thermal shroud temperature [17]. Figure 2-6 shows a simple 
control and instrumentation unit used for TVC at the Center for Nanosatellite Testing 









Figure 2- 6   Control and Instrumentation Unit at CeNT, Kyutech  
 
Supply Systems 
    It controls the necessary resources for the operation of each of the elements in TVC 
systems such as LN2, electric and compressed air. The components of the supply system 
include pneumatic, mechanical, and hydraulic and pressure regulators [12]. For the power 
supply management, the system has switches, transformers, regulators, fuses, circuit 
breakers, and uninterruptible power supply (UPS), among others, which are usually 
integrated into consoles for their control with power distribution lines in the extension of 
the thermal-vacuum system[4,5,6,7,11].  
The vacuum system generally uses water for cooling each of the pumping units as well as 
their support modules (compressors), in case of having them. The vacuum system uses 
compressed air at a specified pressure to operate the various pneumatic control valves. This 
allows sealing the vacuum chamber and connection lines between the pumping units. The 
vacuum system uses LN2 to return to ambient pressure, LN2 for decontamination plates, 
and electricity to power-pumping units and control valves. The thermal system usually uses 
water for cooling gas recirculation mechanisms [4,7.11] It consumes LN2 to produce 
thermal cycles and power electricity to energize recirculation mechanisms, as well as 
electric resistance heaters, flow control valves, injection valves, and a ventilation valve. Air 
is supplied to the system to operate with multipurpose proportional valves [11]. Figure 2-7 
shows a typical example of the LN2 facility and its supply interface to the vacuum chamber 










        Configuration Types of Thermal Vacuum Chamber (TVC) 
    In this section, two types of thermal vacuum systems based on different test needs, 
economy, and flexibility mostly used in space research laboratories are explained.   
LN2 and Infra-Red Heaters based Thermal Vacuum Chamber: A Case study of Center for 
Nanosatellite Testing (CeNT) 
The Center for Nanosatellite Testing (CeNT)at Kyushu Institute of Technology has more 
than eight years of experience capable of providing space environment testing for lean 
satellites up to 50kg [32~42]. CeNT researchers aim to strike the right balance between cost, 
reliability, and fast operation time for thermal vacuum testing of lean satellites. The Center 
for Nanosatellite Testing (CeNT) at Kyushu Institute of Technology (Kyutech) is equipped 
with state of the art thermal vacuum chamber suitable for testing 1U-3U Cubesat class. As 
shown in Figure 2 is an example of a state of the art thermal vacuum chamber at CeNT. On 
the right in figure 2 is a 4900-liter tank facility filled with LN2 and on the left is a vacuum 
chamber the which has an inner diameter of 30cm equipped with thermal radiative shroud 
system installed in the wall of the chamber that has a passage to be filled with LN2 for 
generating low temperature around -150oC and utilizes infra-red heaters for generating hot 
temperature around +150oC during operation. The generated high vacuum in the chamber is 
by using a combination of a dry pump (roughing pump) and Turbomolecular pump to 
evacuate the chamber down to 10-5 Pa. The chamber has 40 thermocouples that measure the 
temperature of the satellite and shroud. Data Acquisition DAQ (24 bit) acquires 
temperature data from the thermocouples and is processed in a tracking PC. The controlling 
PC also monitors the opening and closing of the magnetic valve for LN2 injection and 
monitors the radiative shroud temperature stabilization. The advantages of using this type 
of configuration system are as follows: 
 It can provide fast ramp rates with precision steady-state temperatures uniformly 
around the lean satellite. 
 Demonstrate the satellite can survive the outer space environment  
 Capable of performing satellite testing levels such as qualification test, acceptance test, 
and proto flight test using required test standards. 
 Capable of satellite thermal balance test verify the thermal control subsystem of the 
satellite throughout the satellite operation life cycle.  
The CeNT thermal vacuum chamber's main test standard is the ISO 19683 and can also 
meet different test standards which include JERG-2-0130 (JAXA), ECSS-EST-10-03C 
(ESA), and GSFC-STD -7000 and other international standards. The total facility cost as 










Figure 2-7 LN2 based TVC at CeNT, Kyutech  
Mechanical Refrigeration with Silicon Oil-based Thermal Vacuum 
Chamber  
This type of configuration system commonly utilizes thermal fluid such as silicone oil due 
to its low vapor pressure, low surface tension, magnificent thermal stability, and combines 
with a closed-loop cascade refrigeration system capable of cooling down temperatures as 
low as around -80oC. To achieve a high temperature around +150 oC as Infrared heater 
cartridges are used. Figure 3 shows the mechanical refrigeration system with intermediate 
fluids based thermal vacuum chamber manufactured by Abbess Systems [16, 36]. The total 
facility cost is around 10 million yen. 
 
 
Figure 2- 8 Mechanical refrigeration based TVC: Abbess Instruments and Systems Inc. 








 This section gives the background and literature of the Peltier technology and its 
applications. Moreover provides steps of the thermal analysis and numerical equation used 
in selecting your Peltier device components. 
History 
 The idea of Peltier effects was discovered in the early 19th century [20~22]. The Peltier 
phenomenon occurs as electric current passes via two dissimilar conductors; the contact of 
the two conductors either consumes or emits heat, regardless of the direction of transfer of 
energy. The Peltier-effect principle is currently used in the thermoelectric field mostly 
made up of bismuth telluride semiconductors [21]. It is formed using two thin ceramic 
wafers wedged among each, with a sequence of P-and N-doped semiconductor material. 
The thermoelectric pairs(one P and one N make up a pair) are arranged in series electrically 
and thermally parallel and can produce several quantities of pairs as shown in Figure 2-9 
[20~24]. 
 
Principle of Operation 
Nowadays, the Peltier effect the Peltier-effect concept is applied in thermoelectric coolers 
mostly made up of bismuth telluride semiconductors. Applying direct current supply to the 
terminals of the Peltier elements allows electrons to pass through the semiconductor 
materials. Energy is consumed by electron motion at the cold end of the semiconductor 
material, passed through the material, and released at the hot end. Because the hot end of 
the material is connected physically to a heat sink, the heat is transferred from the material 
to the environment [21 ~22]. 
 
 









Thermal Analysis and Required Parameters 
The technology for the Peltier systems relies on at least three criteria. Such measurements 
are the temperature of the hot surface (Th), the temperature of the cold surface (Tc), and the 
heat energy to be absorbed in the cold surface (QC). The thermoelectric hot side is the side 
at which heat is emitted when a direct current supply is applied.  
Using Equation 1 you can calculate for the load power ( hQ ) to be dissipated by the heat 
sink attached to the hot side of the Peltier element by adding the known CQ and the known 
input power supply ( inP ) of the Peltier element. 
 h c inQ Q P
                                            
(1) 
Using Equation 2 you can calculate for the thermal resistance with known area and 
thickness (L) of the material and its thermal conductivity (K). 
/ LoC W
KA                                                
(2) 
Using the hot surface temperature. (Th) depends on the heatsink dissipation (air-cooled 
Tamb or water-cooled Tw), thermal resistance, and the load power (Qh).can be calculated 
using equation 3 
   /h ow hT T C W Q
                                
(3) 
The temperature difference across the Peltier device (dT) relates to Th and Tc according 
to equation 4 
 h cdT T T
                                        
(4) 
 
Components of a Peltier Module  
This section explains the description of the components used for developing a basic 
Peltier module for application purposes. Figure 5 shows typical examples of the Peltier 
module which includes but not limited to the main components such as Peltier element, 










Figure 2- 10  Components of the Peltier module [21] 
Peltier Element 
The most widely used Peltier elements today are an alloy of Bismuth Telluride which has 
been doped sufficiently to achieve a wide temperature range, especially for cold 
temperature measurement. Other Peltier elements include Lead Telluride (PbTe), Silicon 
Germanium (SiGe), and Bismuth-Antimony (Bi-Sb) alloys that may be used in specific 
applications. Such materials are most commonly produced either by a melt lateral 
crystallization or by pressed metallurgy of powder [22].The identity of the manufacturer 
normally printed on the cold side of the Peltier item. Examples of different shapes and sizes 

















Figure 2- 11 Different shape and sizes of a Peltier element manufactured by Kryotherm 
Company [27] 
Peltier device manufacturers have a datasheet displaying the graph output curve and 
output coefficient that is the heat consumed on the cold side by the Peltier element's input 
power. Figure 6 shows an example of a single Peltier element such as TEC1-12706 to be 
removed from the temperature difference (dT) and voltage (V) versus temperature 
difference (dT) graph output curve heat load. The following plot in Figure 2-12 shows the 
ratio of Qh to QC for different dT This ratio increases exponentially with each dT rise. 
 
 
Figure 2- 12  Graph performance curve of Peltier Element (TEC1-1271) 
Surface Plate 
The surface plate is part of the components of the Peltier module attached to the cold side 
of the Peltier element to transfer heat from the test article under test. The surface plate has a 
high thermal conductivity most often made up of aluminum and copper depending on the 
design requirement and cost [22].   
Heat Sink 
The heat sink is an integral part of a Peltier module. A perfect heat sink would be capable 
of absorbing an unlimited quantity of heat without exhibiting any increase in temperature. 
In many thermoelectric applications, a heat sink temperature increase of 5 to 15 ° C above 








natural sinks, forced sinks, and liquid-cooled sinks. Natural heat sinks can prove acceptable 
particularly when using a thermoelectric module unit operating below 2 amperes for very 
low power requirements. However, for most applications, natural convection heat sinks will 
not be able to extract the necessary amount of heat from the system, so it will take forced 
convection or liquid-cooled heat sinks [22, 23]. 
Peltier modules provide many advantages such as No moving parts, Compact and light, 
Repairs-free, Acoustically stable and electrically "quiet," Heat or cool by adjusting current 
flow direction Wide operating temperature range, Highly accurate temperature control 




   Applications of  Peltier technology cover a wide spectrum for cooling down devices such 
as computer processor units, analytical instrumentation, food and beverage cooling, air 
conditioners, Imaging systems, and many more.  
Moreover, previous studies compared the use of a Peltier cooling unit and LN2 for 
cooling a cold finger on an electron probe microanalysis of carbon inside a vacuum 
chamber. From the tests, the temperature at which minimum contamination levels are 
reached is -27°C for Peltier cooling unit and -75°C for LN2 cooling at 3.6x10-4 Pa 
chamber pressure[25]. The author further observed that the Peltier cooling unit does not 
affect the analytical stability whilst the Peltier unit was operating. In his conclusion, the 
author suggested [25] that Peltier cooled cold fingers are therefore known to be viable and 
offer a reasonable alternative to LN2 cooling and can operate for longer periods and save 
costs (the cost of the Peltier unit could not be calculated) compared to the LN2 cooling 
system within the vacuum chamber. 
Another study [19] developed a thermal vacuum testing system of a supercapacitor using 
a Peltier device. The test system was demonstrated to work in a range of -15oC to +50oC 
with the total maximum heat exchange capacity of 700W. From the investigation results, 
the author could demonstrate that it is feasible to implement a Peltier cooling device inside 
a vacuum chamber for different test needs. 
 However, exploring the application of a Peltier-based thermal vacuum testing system for 
satellite functionality testing has not yet been investigated. The next chapter introduces the 
design and development of the PeTT device which entails the numerical analysis and 









Chapter 3 – Design and Development of Peltier Thermal Testing (PeTT) 
Device 
  In this section, we present the design process criteria, numerical, and simulation analysis 
for selecting the desired Peltier element and its additional components and desired 
specification such as heat sink, thermal interface, and a cold surface plate of developing the 
PeTT device. 
3.1. Design Criteria 
The correct configuration of the Peltier thermal testing system (PeTT) depends on the 
following parameters which include; the dissipation power (QC) of the test object and its 
temperature range, the environment condition, and the selection of the Peltier module 
(Peltier element, heatsink, cold surface plate, thermal interface material, mechanical 
fasteners,). 
BIRDS-2 1U Cubesat was selected as a test object. The total heat dissipation power (QC) 
of 9W [2, 3] was considered with an active power dissipation of 2W and passive power 
dissipation of 7W. The active power corresponds to the heat released when electric current 
flows through an electronic device (Joule heating effect) of the CubeSat internal electronic 
components, whiles the passive power dissipation corresponds to the heat loss in contacts 
such as the mechanical fasteners, bolt, and nuts, cables, and thermal insulators and others 
[28].  
To determine the temperature range of the PeTT device, an on-orbit temperature profile 
of 100 lean satellites (1U CubeSat) launched into ISS orbit and SSO orbit. We targeted for 
active lean satellites less than 6 months in orbit. The minimum and maximum temperature 
cycles (night and day) of the CubeSat internal subsystems which include but not limited to 
the Electric Power subsystem, EPS (Battery and power control board), Onboard Computer 
(OBC), Payload and Communication Subsystem (radio transceivers) were recorded. The 
sources of housekeeping data were collected from amateur radio communities [25] and the 
primary ground station of the satellite developers. 
 In the case of ISS orbit, 38 number of 1U CubeSats housekeeping data for minimum and 
maximum temperature for each internal subsystem were recorded. We calculated the mean 
value for both minimum and maximum temperatures of each internal subsystem. The 
typical temperature ranges of the internal subsystems were as follows: EPS (-8 to +50 oC), 
OBC (-10 to +49 oC), Payload (-14 to +44 oC) and Communication (-12 to +53 oC). From 
the results of the analyzed data, we again find the mean value of all the minimum 








result, we could say the typical temperature range of the ISS orbit satellites were around -11 
oC to +49 oC. 
Also in the case of SSO orbit, 62 number of 1U CubeSats satellites housekeeping data 
for minimum and maximum temperature for each internal subsystems were recorded. We 
calculated the mean value for both minimum and maximum temperatures of each internal 
subsystem. The typical temperature ranges of the internal subsystems were as follows: EPS 
(-16 to +59 oC), OBC (-10 to +51 oC), Payload (-20 to +49 oC) and Communication (-18 to 
+57 oC). From the results of the analyzed data, we again find the mean value of all the 
minimum temperature value to be -16 oC and maximum temperature value to be +54 oC. 
From the result, we could say the typical temperature range of the SSO orbit satellites were 
around -16 oC to +54 oC. 
In summary of the analyzed results (for both ISS and SSO orbit lean satellites), we 
calculated the mean value minimum temperature value to be -13.5 and maximum 
temperature value to be +51.5 oC.  
After all, set -20 to +50 oC as the temperature range design requirement because from the 
gathered data (-13 to +51.5 oC) is close to the ISO-19683 Design Qualification and 
Acceptance Test of Spacecraft and Units which specifies the -15 to +50 oC for CubeSat 
internal unit. So we added an acceptable margin of 6.5 oC to the minimum temperature 
value to achieve -20 oC and on the other hand, we reduced the maximum temperature by 1.5 
oC to achieve 50 oC as an approximate value concerning the ISO 19683 [8] testing standard. 
3.2. Kryotherm Simulation Software Analysis 
The Kryotherm software is a free online software which enables you to select the desired 
Peltier module which includes but not limited to the optimum power input, configuration 
mechanism, choice of material, type of heat sink and most significantly the expected cold 
surface temperature and the hot surface temperature to dissipate from the heat sink 
depending on an established test item specifications. 
The Kryotherm software consists of three parts namely; graph performance, choice of 
modules choice, and thermoelectric system calculation [27]. 
 Graph Performance: This part describes the graph of dependency of the 
thermoelectric cooler specifications under different operating circumstances in 
different combinations. Each type of thermoelectric cooler has eight graphs namely: 
cooling power, efficiency factor, temperature difference voltage, characteristic of 
volt-ampere, characteristic of cooling power, and for different current and voltage 








with the hot side temperature of the thermoelectric cooler, the user can arbitrarily 
calculate the coefficient. The software draws graphs and calculates the main 
parameters namely; maximum current, maximum voltage, the maximum 




Figure 3- 1 GUI of Performance Graphs. Courtesy Kryotherm [27] 
 
 Choice of Peltier Module:  This part helps to pick appropriate device specifications 
for the cooling object identified by the thermal properties of assembly materials, 
cabinet form, and measurements, type of thermos isolation, heat removal process, 
the heat generated by the element. The customer gets a chance to pick the optimum 
form and quantity of thermoelectric coolers based on measured data. Different 
parameters will optimize this range, based on performance and cost, planned way of 
heat removal from the hot side of the Peltier part, ambient temperature, and object 
temperature, the heat emitted from the item. The software draws detailed graphs for 
each parameter chosen, decides the temperature difference of the system, both hot 









Figure 3- 2  GUI of Choice of modules. Courtesy Kryotherm [27] 
 
 Peltier System Computation: Through using this part, a computer model of a 
thermoelectric module can be generated and its function analyzed according to the 
type and number of thermoelectric coolers, their link models, power source, etc. 
(analysis). The main intention of the calculations is to identify the cooling surface 
temperature and to determine the value of the thermal insulation and the heat 
exchanger. The calculations of the software are based on the most relevant 
parameters of the elements of the cooling system: the main aim of the calculations is 
to find the temperature of the cooled object and provide formulas for calculating the 
variables of thermal insulation and heat exchanger. The software predictions are 
based on the most significant specifications of the element of the cooling system: 
form, number of Peltier module and link electrical scheme; thermal insulation 
resistance, calculated heatsink, active heat dissipated from the object, atmospheric 











Figure 3- 3 GUI of Thermoelectric System Calculation. Courtesy Kryotherm [27] 
From the results of the analysis including margins, we selected a 4 multi-stage Peltier 
element, with 2 series and 2 parallel configurations, power input (Pin) around 388W, a 
water-cooled heat sink type made up of copper, average thermal resistance (R) around 0.02 
oC/W to achieve a cold surface temperature around (TC) -80 oC by controlling the water-
cooled heat sink temperature (Th) range around 2 oC to 10 oC using a water chiller 
temperature (Tw) around 0 oC. The total maximum heat exchange capacity of 400W was 
achieved for the simulation analysis. 
3.2. Numerical Analysis 
From the given parameters derived from the Kryotherm simulation software analysis 
results such as the power input of the selected Peltier element (Pin =388W) and the heat 
power strength to be removed by the Cubesat (Qc = 9W) is easier to calculate for the total 
heat load power to be removed by the heatsink (Qh =397W) as expressed in Equation 3-1. 
 h c inQ Q P  








  Calculated for the total thermal resistance (RT =0.025 oC/W) network given as the sum 
of thermal resistance of thermal gel interface (Rgel=0.00208 oC/W), surface plate (Rplate 
=0.000025 oC/W), Heatsink (Rsink=0.022 oC/W), Peltier module (Rpeltier=0.0008 oC/W) 
and Cubesat (Rcubesat=0.00045 oC/W). Apart from the Rcubesat which was derived using 
equation 3-2, using thermal conductivity (K =222W/m/K) [39], of the CubeSat considering 
the structure to be aluminum and L is the thickness of the CubeSat (L = 0.1m), the rest of 
the thermal resistance was derived from the datasheet of the selected components provided 





Equation 3- 2 Thermal resistance of Cubesat 
The heat sink temperature (Th ) of 9.9 oC was derived from the total thermal resistance 
network (RT = 0.025oC/W), the total heat load power to be dissipated by the heatsink (Qh 
=397W), and the water chiller temperature(Tw=0oC) which represents the controlled 
temperature of the heat sink as expressed in equation 3.  
     h w T hT T R Q  
Equation 3- 3 Temperature of the heatsink 
The cold surface temperature (TC) of -80 oC was derived using equation 3-3 from the heat 
sink temperature (Th) of 9.9 oC and the temperature difference ( )dT of 90oC. The 
temperature difference of 90 oC was considered because it corresponds to the selected input 
power (Pin) of the Peltier element employed using thermal analysis guideline simulation 
software developed by Kryothem [26] which has the datasheet of the selected Peltier 
element. To derive the dT we find the parameters from the graph performance curve of the 
selected Peltier element which contains dT versus current (Amperes), dT versus Voltage 
(Volts), dT versus input power (P). We considered 80 percent of the maximum Power of 
the Peltier module (the reason was to avoid burning the module as instructed on the 
datasheet by manufacturer) and its corresponding dT on the graph performance curve 
provided on the datasheet [13] and the temperature difference (dT) of 90 oC was selected.   
 c hT T dT   
Equation 3- 4 Cold temperature of the PeTT surface plate 
Considered the vacuum environment losses by radiation heat exchange (Qrad1) between 








parameters which include the emissivity of the vacuum chamber wall to be stainless steel 
( 2 0.59 ), the emissivity of the PeTT device to be copper ( 1 0.78 ),.chamber wall 
temperature (T2= 303K) and temperature of the PeTT device (T1= 193K), and Stefan 
Boltzmann constant ( = 5.67 x10-8 W/m2K4). We assume a steady-state condition and Qc 
to be negligible.   
We simplified the area of both the PeTT device and the chamber wall to be two concentric 
spheres to give accurate results for the even distribution on the surfaces for the radiation 
analysis. We assumed the diameter of both the PeTT device and chamber wall to be 100mm 
and 170mm. Therefore, using the formula of the area of a sphere, we calculated for the area 
of the PeTT device (A1= 0.03 m2) and the area of the chamber wall (A2 = 0.08 m2). From 
the results calculated, Qrad of 10W was the radiation exchange loss between the vacuum 
chamber wall and the PeTT device. The PeTT device is supposed to remove 10W in 
addition to the dissipation power of the satellite, Qc. 















Equation 3- 5 Radiation exchange between PeTT device and Chamber 
To improve the design, we considered an MLI copper shroud around the surface plate of 
the PeTT device to cut away the radiation exchange losses. We could calculate for the Qrad1 
between the MLI copper shroud and the chamber wall using equation 3-5. The parameters 
set for the chamber wall is the same values in the previous calculation and the parameters 
for the MLI copper shroud includes: emissivity of the MLI copper shroud to be gold foil 
( 1 0.03 ), Area of the MLI copper shroud assuming a spherical shape (A1= 0.045 m2) and 
MLI copper shroud temperature (T1= 193K) and we could obtain Qrad2 of approximately 
0.5W, which means MLI can able to cut the radiation heat exchange loss to the vacuum 
chamber wall. Figure 4 shows an overview of the thermal system design of the PeTT device 









Figure 3- 4  Simulation analysis of PeTT device inside the Chamber  
3.4. Components and Specification of the PeTT Device 
As listed in Table 1 shows the components and specifications selected for the PeTT 
device. These COTS components include four multi-stage Peltier elements, power supply, 
and water circulating cooling system, thermal interface gel sheet, cold surface plate, and 
water-cooled heat sink. The total cost for developing the PeTT device only is 2000 USD 
and including the water cooling system and varying DC power supply adds up to a total 
cost of 4,900 USD. Figure 
 












Qmax =16.9 W,   
Delta T = 111 oC , 
Imax =6.7 A ,  
Vmax =23.6 V 
Model:TB-4-(199-97-49-17)-1.5 
Stage 1 (Hot side):  62 mm x40 mm x 3.63 
mm  
Stage 2 : 44mm x 44mm x 3.63 mm 
Stage 3: 31mm x 31mm x 3.63mm 
Stage 4 (cold side) : 20mm x 20mm 
x3.63mm 
Thermal resistance: 0.0008 oC/W 
Material: Aluminum Nitride 
Thermal conductivity: 180W/m/K 
Operating Temperature: 80 oC  
Soldering Temperature Limit:95 oC 




Material Type: Copper 
Thermal Conductivity:388 W/m/K 
Dimension: 152 mm length x 127 mm width 
x 10 mm height 









Heat Sink Size: 152 mm x127 mm x 15 mm 
Type: Heat sink water cooler  
Flow rate :6.8 liter/min 
Heat sink pipes: Copper 
Heat sink surface: Aluminum 
Tube: Copper  





I = 13.5 A 
V = 80 W 
Model: PSW 80-13.5 
 
 
Thermal Gel Sheet 
Thermal conductivity :1.9 W/m/K 
Temperature Range :-80 ~ +200 oC  
Thickness :2.2 mm 





Temperature range: : -20oC ~ +30oC 
Cooling Capacity:650W 
Max flow rate:12.9 L/min 












3.4. Development phases of the PeTT device 
Four cascaded arrays of 4 multi-stage Peltier elements are connected in series and 
parallel (2 series and 2 parallel). We applied the thermal gel sheet on the heatsink where the 
Peltier element hot side is attached and the same for the cold side where the copper surface 
plate is attached as shown in phase 1 and phase 2 of Figure 3-6.  
 
Figure 3- 6  Design and development of the PeTT device 
 
Figure 3- 7  Development activities during of the PeTT Device 
A thermal copper shroud with 0.3mm thickness is attached to the copper surface plate 
and outer surface insulated with a Multi-Layer Insulator (MLI) to reduce heat loss by 
thermal radiation inside the vacuum chamber. Copper cylinder interior surface is painted 








control to achieve strong radiant heat fluxes [44] as shown in phase 3 and Phase 4 of Figure 
3- 6. The heat sink was bolted to the copper surface plate and carefully applies torque in 
small increments using a torque-limiting screwdriver and bolted the thermal copper shroud 
on the copper surface plate for maximum conduction exchange energy transfer. The total 
mass of the assembled PeTT device is 3.4kg and has a size of 152mm length x 127mm 





























Chapter 4 – Installation of the Vacuum Chamber 
 
This section describes the vacuum chamber that was assembled, integrated, operated to 
achieve a simulated high vacuum chamber suitable for satellite testing. Moreover, this 
process provided me the opportunity to build my capacity in the whole cycle of developing 
a vacuum chamber and most significantly how to procure affordable components of the 
vacuum chamber. The lesson learned in this section will be highlighted. 
4.1. Schematic Vacuum Chamber Configuration 
Figure 4-1 shows the overview schematic vacuum chamber configuration which includes 
the structure of the chamber, vacuum system, and the control and instrumentation Unit as 
highlighted in Chapter 2.  
 
Figure 4- 1  Overview schematic configuration of the Vacuum Chamber   
 
4.2. Component and Specification of the Vacuum Chamber 
Table 4-1 lists the components and specifications of the vacuum chamber. The total 








from a second-hand shop. The vacuum chamber specification was carefully selected to 
achieve a high vacuum pressure suitable for satellite testing. 






Ultimate Pressure: 10-5Pa 
Pumping Speed: 1950l/sec, 
Power Supply @200V1  :1800W 
Oil Capacity: 500mL 
Water Flow: 4L/min 
Model:  S-80149 
Manufacturer: SAN-EI RIKEN 
 




Displacement : 750 /900 L/min 
Revolution: 1430 /1715 rpm 
1430 (200v , 6.4A@60Hz) 
1715 (200v, 6A @ 60Hz) 
Power : 3-phase @1500kW 




Shape: Cylinder with flat ends  
Material: Stainless steel 
Inner Diameter: 550mm 

























16channels, 75 S/s aggregate, 78mV 
Model: N1USB-6009 
For power supply  
Control: 14-Bits, 48 kS/s 
  
 
4.3. Assembly and Integration of the Vacuum Chamber 
Figure 4-2 shows the activities during the assembly and integration of the Vacuum 
chamber. The structure of the chamber, vacuum systems, valve gauges and control, and 
instrumentation system were cleaned by removing debris from all surfaces and also check 
for hazardous areas where repairs and additional flanges may be appropriate.  
Figure 4-3 shows the detailed descriptions of the chamber structure and feedthroughs. 
The structure of the chamber has a shape of a cylinder with flat ends with an inner diameter 
of 550mm and 470mm height which can test up to 3U Cubesat. The chamber structure is 
produced from a high- quality stainless steel able to withstand the pressure differences 
between both internal and external environment and treated to minimize leak rates and 
contaminants such as outgassing, capable to achieve high vacuum. The chamber structure 
has 27 feedthroughs adequate to interface it with control and instrumentation unit interfaces 








water cooling system. The chamber structure does not have an inbuilt shroud system for 
thermal regulation as in the case of LN2 or mechanical refrigeration based TVC.  
 
 
Figure 4- 2 development activities of the Vacuum Chamber 
 








Figure 4-4 shows the detailed description and configuration of the pumping system. The 
vacuum system is equipped with a combination of two pumps to achieve different levels of 
vacuum.  
 
Figure 4- 4 the configuration of the Pumping Systems 
The first phase is the Oil sealed rotary pump used to decrease pressure inside the chamber 
from atmospheric pressure (101.3k Pa) to rough vacuum ( less than 5Pa) and the second 
phase is a diffusion pump used to reduce the pressure from rough vacuum to high vacuum 
(less than 10-5 Pa). One advantage of using the diffusion pump is because it has no moving 
part and uses the vapor of boiling fluid to capture gas molecules. It has cooling fins that 
cool down and releases the air molecules to the fore line via the rotary pump to the 
atmosphere. 
The control and instrumentation system consists of the pressure gauge controllers, power 
switch control, temperature control systems, and LabVIEW software-controlled computer 
as shown in Figure 4-5. The computer LABVIEW software Interface as shown in Figure 4-
6 monitors the temperature and pressure activities inside and outside the chamber by 
recording it on the PC via a Data Acquisition (DAQ) system. The LabVIEW interface has a 
polarity control switch to control the PeTT device heating and cooling mechanism. The 
power supply systems have an interface connected via DAQ to the PC to control the current 
and voltage supply to the PeTT device. The chamber pressure is measured by the ionization 
gauge which is connected via DAQ to the PC for data storage. Figure 4-6 shows the 









Figure 4- 5 control and Instrumentation unit of the PeTT Vacuum Chamber 
 
Figure 4- 6  LABVIEW GUI of the PeTT Vacuum Chamber 
Figure 4-7 shows the detailed configuration of the water chiller interface to the chamber. 
The connecting hosepipe between the water feedthrough interface and the water chiller is 1 
meter long. A valve is connected to the water feedthrough to control the cool water 
leakages inside the chamber in case of an emergency. The water chiller feedthrough is 
connected to the water-cooled heatsink to dissipate heat. The measured flow rate is 9.2 
L/min which is adequate to control the heatsink to achieve the desired temperature as 









Figure 4- 7 shows the water chiller system integration with the Vacuum Chamber 
4.4. Integration of the PeTT device inside the Vacuum Chamber 
Figure 4-8 shows the description of the schematic configuration of the PeTT device inside 
the vacuum chamber. As shown in Figure 4-9, the PeTT device is connected to the water 
chiller via the R½ stainless flexible tubes. Swagelok connectors are used for leak-tight 
fittings to prevent water leakages in the chamber. The measured mass flow rate was 9.2 
L/min which is enough to dissipate heat from the water-cooled heatsink. 
 









Figure 4- 9 integration of PeTT device inside the Vacuum Chamber 























Chapter 5 – Results and Discussions 
 
5.1. Experiment 1: Check Chamber Pressure and Operating Vacuum Pump System  
Temperature  
After assembly and integration of the vacuum chamber, we perform a test to measure the 
ultimate chamber pressure levels under no-load condition (which means empty chamber) 
and also measured the stable temperature for both the DP heater and DP cooling fins. 
Figure 5-1 represents the final chamber pressure tests and stable temperature for both DP 
cooling fin and DP heater for a period of 27 hours. From the results, we could achieve a 
chamber pressure of 2.7 x10-4 Pa, DP cooling fin stable temperature of 20 oC, and DP 
heater stable temperature of 166 oC. 
 











5.2. Experiment 2: The PeTT device no Load condition in Vacuum Chamber 
The first experiment is to measure the maximum cold temperature limit of the PeTT 
copper surface plate under the no-load condition and monitor time duration it achieved a 
steady-state temperature condition. In this set up we focused on the PeTT copper surface 
plate without attaching a thermal copper shroud. Figure 5-2 shows the set up inside the 
chamber. We attached thermocouples on the PeTT copper surface plate to monitor the 
uniform temperature distribution on the surface plate. The PeTT was supplied with an 
optimized input power of 387.2W. From the software simulation analysis results from the 
expected cold temperature targeted was -80oC in ideal condition. Multi-Layer Insulator was 
applied on the copper surface plate to prevent radiation heat exchange loss to the vacuum 
chamber wall. Inside the chamber, the PeTT device is connected to the water chiller via the 
R½ stainless flexible tubes. Swagelok connectors are used for leak-tight fittings to prevent 
water leakages in the chamber. We measured the mass flow rate to be 9.2 L/min which is 
enough to dissipate heat from the water-cooled heat sink. The water cooling system set 
point was 0oC. The generated vacuum pressure and thermocouple temperature data are 
acquired via DAQ and stored in a monitoring computer. 
 
Figure 5- 2 (a) Setup of the PeTT device inside the TVC, (b) PeTT device surface 
shielded with a multi-layer insulator to cut away heat loss from the chamber wall  
 Results and Discussion of Experiment 2 
Figure 5-3 shows the results recorded during the total time duration of 22 hours for the 
PeTT copper surface plate. The chamber pressure recorded was 3.6 x 10 -4 Pa. The output 








sides temperature difference of 4 multi-stage Peltier elements, as a result, leads to voltage 
drop. From the results, an average ramp rate of -1.2oC/min and a steady-state temperature 
between the periods of 5 hours to 22 hours for the PeTT copper surface plate. Table 5-1 
summarizes the test results. 
 
Table 5- 1 Results of the temperature range for the no-load condition of PeTT device 
Name Low 
Temperature, oC 









Figure 5- 3 Results of the PeTT device no Load condition showing the chamber pressure 








5.3. Experiment 3: The PeTT device Copper Shroud no Load condition inside the 
Vacuum Chamber 
 
The second experiment aims to measure the maximum low-temperature limit of the 
PeTT copper surface plate and the attached thermal copper shroud under no-load condition. 
Another secondary test purpose was to remove contaminants from the inner surface of the 
copper shroud by performing a bake out the test under very good control to achieve stable 
radiant heat fluxes. We applied heater (34.5W) at the copper shroud to perform a bakeout 
test before cooling down to a stable temperature over several hours. Multi-Layer Insulator 
was applied on the copper surface plate to prevent radiation heat exchange loss to the 
vacuum chamber wall as shown on the right side of Figure 5-4 and the left side of figure 5-
4, thermocouples were attached to five different positions to measure uniform temperature 
levels. 
 
Figure 5- 4  (a) Shows setup of the PeTT device with copper shroud attached with 
thermocouples inside the TVC, (b) Shows PeTT device with copper shroud shielded with a 










Results and Discussion of Experiment 3 
Figure 5-5 shows the results recorded during the total time duration of 26 hours. PeTT 
device cooling was activated 1.7 hours after the heater was turned off. The chamber 
pressure was recorded to be 3.2 x 10 -4 Pa. The output power recorded was 323.84W. We 
could achieve an average ramp rate of -1.5oC/min and a steady-state temperature between 
the periods of 5 hours to 22.5 hours. The chamber wall has a temperature difference of -1oC 
(24 to 23 oC), which means the MLI was able to cut the radiation heat exchange losses. In 
the summary of the analyzed results, the average low temperatures of the copper shroud 
achieved were -62 oC and the PeTT copper surface plate achieved was -67 oC under no-load 
condition. Table 5-2 summarizes the test results. 
Table 5- 2 Result of the temperature range for the thermal copper shroud, PeTT device, 
and Chamber wall 





TC 1 Copper shroud_1 -62 130 
TC 2 Copper shroud_2 -60 127 
TC 3 Copper shroud_3 -61 126 
TC 4 Copper shroud_4 -62 127 
TC 5 Copper shroud_4 -65 113 
TC 6 PeTT copper surface 
plate 
-67 122 










Figure 5- 5 Results of the PeTT device thermal radiative copper shroud no Load condition 
inside the TVC 
5.4. Experiment 4:  Test procedure and  Results of BIRDS-2 Cubesat  
The primary objectives of this test are; (1) to generate the internal heat dissipation of the 
internal subsystem (UHF-TX and VHF-RX ) by using heaters under extreme cold and hot 
condition and (2) Measure temperatures at different points of the internal subsystem (UHF-
TX and VHF-RX) under extreme cold and high condition. The secondary objectives are to 
measure temperatures at different points which include FAB, Battery Box, Backplane, and 
external panels. 
We considered a replica of a Birds-2 1U CubeSat structure model (STM), with some of 
its internal subsystems which include UHF-TX, VHF-RX, Battery Box, FAB, Backplane 
and external panels used for engineering model phase. The Bird-2 STM is designed to fit 
into the J-SSOD and has four rails that can accommodate the internal subsystems. To 
generate the internal heat dissipation, we attached 2 heaters to the UHF-TX board and  
VHF-RX. We decided on a heater input power of 4.2W based on the Birds -2 power 
requirement for UHF-TX [2]. Figure 5-6 shows the assembled replica of Birds-2 CubeSat 
(on the left) and the selected internal subsystem arrangement (on the right) as shown in red 
arrow with a defined axis same as the satellite install case for J-SSOD. The total mass of 
the assembled CubeSat was 0.95kg. The external panel was attached to the rails via a 








internal heater cables and thermocouples and Figure 5-6 shows some the internal subsystem 
of the Birds-2 Cubesat and thermocouples are attached to different points for temperature 
measurement as listed in Table 5-3. 
 
Figure 5- 6  (a) Shows the Assembled prototype Birds-2 Cubesat, (b) Shows the internal 
subsystem (red mark) arrangement employed in the assembly and integration of the Birds-2 
Cubesat,   
 









 Table 5- 3 selected internal subsystems TC attachment 
Internal Subsystems  Thermocouple Measurement Point 







Battery Box Battery Box 
 
FAB FAB Board 
 
-Z-axis External -Z-axis External Board 
 









  Figure 5- 8 (a) Shows the prototype Birds-2 Cubesat placed by direct contact on the 
surface of PeTT device, (b) Shows PeTT device and prototype Birds-2 Cubesat shielded 
with a multi-layer insulator to cut away heat loss from the chamber wall   
Table 5- 4  ISO 19683 test level requirement for Lean satellite class internal unit     
Test Levels  Parameters 
Low-temperature limit 
 
-15 oC or lower 
High-temperature limit 
 
50 oC or higher 
Temperature ramp rate 
 
± 1 oC/min 
 
Chamber Pressure 1 x 10 -3 Pa or lower 
 
 
Results and Discussion of Experiment 4 
Figure 5-9 depicts the results obtained from the PeTT device including the –Z-axis 
external of the CubeSat throughout the operation cycles. The total time duration for the test 
was 21 hours. The stable chamber pressure recorded for the test was 4.9 x 10 -4 Pa. The 
total thermal cycle was one and a half cycles. We turned on internal heaters to generate 
internal heat dissipation during cold stable temperature (second half cycle) and hot stable 
temperature (third half cycle). The chamber wall temperature decreased from 25 to 24 oC 
with a temperature difference of -1oC, which explains the MLI was able to cut the radiation 
heat exchange losses from the chamber wall. 
The differential temperature between –Z-axis external board and the CubeSat internal 
subsystems was from 5 to 10 oC which means the thermal copper shroud was able to 
transfer energy by radiation to the external panel of the Cubesat. 
During the first half cycle, the internal heaters of the subsystems were turned off except 
the PeTT device which was in heating control mode. In less than an hour, the PeTT device 








2.2 oC/min. Whiles the CubeSat internal subsystem temperatures were increased to an 
average temperature of 34 oC. 
 
Figure 5- 9 Overall results of the replica 1U Cubesat inside the PeTT Vacuum Chamber 
Figure 5-10 shows the details of the CubeSat internal unit temperatures during the 
second half cycle. The PeTT device cooling control mode was activated to achieve a cold 
stable temperature of -70 oC between the periods of 5 hours to 14.5 hours. The average 
temperature ramp rate recorded before the cold stable temperature was -1.5 oC/min. The 
internal heaters of the CubeSat subsystem were turned off during this phase of the operation. 
Table 5-5 summarizes the results of the internal subsystems during the cold stable 
temperature period of 5 hours to 14.5 hours. 
Table 5- 5 Summary of cold stable temperatures of the CubeSat internal subsystem under 





























-70 oC -49 oC -50 oC -50 oC -52 oC -52 oC -50 oC 
 
 
Figure 5-10  Cold stable temperature of CubeSat internal subsystems under internal 
heaters OFF condition  
We turned on the internal heaters attached to UHF-TX and VHF-RX to generate the 
internal heat dissipation for the time duration of 1.1hours. Figure 5-11 shows details of the 
internal heat dissipation period of 14.5 hours to 15.6 hours under cold stable temperature 
conditions. This result was to also check standard ISO 19683 test requirement for internal 
unit qualification (QT) which defines lean satellite internal unit test requirement in a 
thermal vacuum chamber. From the below results, we can say, the cold condition meets the 
ISO 19683 test requirement for internal unit qualification (QT) which defines lean satellite 
internal unit test requirement under cold stable temperatures and we can say the PeTT 
device cooling control mode was successful. Table 5-6 summarized the results of the 
internal subsystems during the internal heat dissipation under cold stable temperatures. The 
VHF–RX was 9 oC lower than the UHF-TRX. The FAB board was 8 oC to 16 oC lower than 
both VHF-RX and UHF-TX 
 
Table 5- 6 Summary of cold stable temperatures of the CubeSat internal subsystem under 





























-70 oC -21 oC -22 oC  -29 oC -31 oC -35 oC -37 oC 
 
Figure 5-12 shows the details of the third half-cycle. PeTT device cooling control mode 
was switched to heating control mode to raise the temperature of the internal subsystems to 
an expected high-temperature that meets the ISO 19683 test level requirements for high-
temperature limit condition equal to above 50 oC as listed in Table 6 When the PeTT device 
heating control mode temperature was controlled to 88 oC, the internal subsystem average 
temperature of 50 oC was achieved which means Before we turned on the internal heaters of 
the subsystems (UHF-TX and VHF-RX), the PeTT device heating control mode was 
decreased below 88 oC to safe mode due to the limitation of the PeTT device high-
temperature limit especially the soldering temperature point should not be higher than 95 oC. 
We turned on the internal heaters for an hour and we observed a rise in PeTT control 
temperature up to 93 oC. Table 5-7 summarized the results of the internal subsystems under 









 Figure 5- 11 Cold stable temperature of CubeSat internal subsystems under internal 
heaters ON condition  
 
Table 5- 7 Summary of hot stable temperatures of the CubeSat internal subsystem under 
































Figure 5- 12 hot stable temperature of CubeSat internal subsystems under internal heaters 
ON condition 
5.5. Experiment 5: Test procedure and  Results of BIRDS-4 Engineering Model 
Cubesat  
The Birds-4 Project aim is to create the first satellite in Paraguay while improving the 
uniform bus network for future missions and continuing the production of satellites in 
Japan and the Philippines and previous BIRDS project series missions. For more 
information and updates about Birds project visits the website [33].  
The exploded view of the Birds-4 Cubesat engineering model as shown in Figure 5-13 
includes the bus subsystems such as OBC, COM UHF-TX, and COM VHF-RX, ADCS, 
EPS, FAB, BP, and Mission Board (MB 1, and 2). It was necessary to perform the TVC 
test during the EM development phase to:  
 Measure temperatures at different satellite points under extreme hot and cold  
conditions 
 Check the functionality and operation of the satellite under defined temperature 


















Figure 5- 13 Exploded view of the Birds-4 Cubesat Engineering Model, 
The engineering model Birds-4 1U CubeSat was designed to fit into the J-SSOD and has 
four rails that can accommodate the internal subsystems. TC was attached to the bus 
subsystems, Mission Boards, and the external panels as shown in Figure 5-14. In summary 
18 thermocouples were attached to both internal units and external panels of the Birds-4 
EM model and carefully reassembled and checked TC  connections as shown in Figure 5-
15. 
 









Figure 5- 15 Assembled Birds-4 EM model with attached TC  
The Birds-4 team as shown in Figure 5-15 (a) prepared the TC inside the PeTT Vacuum 
chamber and (b) set up the Birds-4 EM model inside the PeTT vacuum chamber and 
shielded with a multi-layer insulator to cut away heat loss from the chamber wall, (c) close 
the chamber and checked all interfaces to the control and instrumentation unit meets the test 
plan (d) finally checked the RF communication between Birds-4 EM model and the Ground 
station before turning on the PeTT Vacuum chamber.  
 








Table 5- 8  TC measurement points 
Internal Subsystems  Thermocouple Measurement Point 




Y coil   
Z coil   
Mission Board 1  
Mission Board 2 






Mission Board MCU 






Reaction wheel surface 
-Z-axis External 






-Z-axis External Board 







Table 5-9 lists the test condition requirement for Birds-4 EM model TVC  test based on 
the ISO 19683 test standard.  
Table 5- 9 Test condition based on ISO 19683 Test standard  










-15 oC or lower 
High-temperature limit 
 
50 oC or higher 
Temperature ramp rate 
 
± 1 oC/min 
 
Chamber Pressure 1 x 10 -3 Pa or lower 
 
Results and Discussion of Experiment 5 
The total time duration for the test was 61 hours. The stable chamber pressure recorded 
for the test was 3.8 x 10 -4 Pa. The total thermal cycle was two and a half cycles. 
Functionality test was performed before under atmospheric conditions to check the 
interface connections between the satellite and the ground station. The PeTT device surface 
plate and copper shroud were controlled to a minimum temperature of -48.17 oC and -
41.35oC. The temperature difference between the PeTT device surface plate and copper 
shroud throughout the cycles was from 5oC to 7 oC. The PeTT device and copper shroud 
were controlled at a maximum temperature of 69.07 oC and 65.76 oC. 
 








The temperature difference between the surface of the PeTT device surface plate and 
copper shroud throughout the cycles was from 4oC to 5 oC. Figure 5-17 shows the results of 
the control temperatures of the PeTT device and the copper shroud through the test 
operation. 
The temperature plots of the Birds-4 EM Cubesat external panel as shown in Figure 5-18. 
the temperature difference between the external. During the first half cycle, in less than an 
hour, the PeTT device could achieve a maximum high temperature of -48.17  oC at an 
average temperature ramp rate of 2.2 oC/min. Whiles the CubeSat internal subsystem 
temperatures were increased to an average temperature of 34 oC. The external panel was 
controlled to achieve a steady-state temperature range of -25 oC – and 30 oC respectively. 
The Z panel and X panel received high radiation exchange from the PeTT device copper 
shroud than the X panel. The X panel sides were exposed to the outwards and only covered 
by only the MLI. The temperature differences between the panels were around 4 oC and 9 
around oC. The average temperature ramp rate of 2.2oC/min was achieved during the test. 
Table 5-10 lists the summary of the results of the external panel temperature levels. 
 








Table 5- 10 summary of minimum and maximum temperature of the external panel of 







+X panel      -30 67  
-X panel           -26 66 
+Y panel            -23 64 
-Y panel           -21 63 
+Z panel          -22 66 
-Z panel           -29 65 
 
 
Figure 5- 19 Overall temperature cycles of the internal subsystems 
The temperature plot of the internal subsystems of the Birds-4 EM as shown in Figure 5-
19 functionality test was performed before cold soak under the atmospheric condition in a 
vacuum. The functionality test (FT) performed during the test includes the ADCS 








performed during each cycle (cold and hot soak) was less than 2 hours depending on the 
success level of the FT. The average temperature ramp rate of 2.2oC/min was achieved 
during the test. A detailed view of each cycle during the test is shown from Figure 5-20 to 
Figure 5-24. 
Figure 5-20 shows the detailed view of the first half cycle of the internal subsystems of 
the Birds-4 EM. In the first half cycle, FT was performed after the vacuum reached 3.8 x 10 
-4 Pa. A cold start was initiated and took a period of 7.3 hours to 14.5 hours to achieve a 
cold stable (cold soak) temperature of -48 oC.  Between the periods of 13.5 hours to 14.4 
hours, the Birds-4 EM Cubesat functional test was performed. In the case of no functional 
test during the cold soak, the internal subsystems temperature range achieved was around -
20 oC to -23oC but had a rise in the temperature range of 7 oC to 9 oC when the satellite was 
turned on for the functional test.  
 









Figure 5- 21 Temperature plot of internal subsystem second cycle 
Figure 5-21 shows the detailed view of the second half cycle of the internal subsystems 
of the Birds-4 EM. The PeTT device hot control mode was activated to achieve a hot stable 
temperature of 69 oC between the periods of 18.2 hours to 26.5 hours. Before FT under hot 
soak, the internal subsystem achieved the temperature range from 58 oC to 60 oC, and after 
FT; there was a rise in the temperature range of 3oC to 6 oC.  
Figure 5-22 shows the detailed view of the third half-cycle of the internal subsystems of 
the Birds-4 EM. The PeTT device cold control mode was activated to achieve a cold stable 
temperature of -42 oC between the periods of 29 hours to 38 hours. Before FT under cold 
soak, the internal subsystem achieved the temperature range from -22 oC to 20 oC, and after 










Figure 5- 22 Temperature plot of internal subsystem third cycle 
 
Figure 5- 23 Temperature plot of internal subsystem fourth cycle 
Figure 5-23 shows the detailed view of the fourth half cycle of the internal subsystems of 








temperature of -42 oC between the periods of 44 hours to 47 hours. Before FT under cold 
soak, the internal subsystem achieved the temperature range from 57 oC to 61 oC, and after 
FT; there was a rise in the temperature range of 2oC to 8 oC.  
 
 
Figure 5- 24 Temperature plot of internal subsystem fifth cycle 
Figure 5-24 shows the detailed view of the fifth half cycle of the internal subsystems of 
the Birds-4 EM. The PeTT device cold control mode was activated to achieve a hot stable 
temperature of -48 oC between the periods of 50 hours to 59hours. Before FT under cold 
soak, the internal subsystem achieved the temperature range from -20 oC to -23oC and after 
FT there was a rise in the temperature range of 2oC to 8 oC. Table 5-11 summarizes the 
summary of the minimum and maximum temperature of the Internal Subsystems of Birds-4 
EM Cubesat. 
Table 5- 11 summary of minimum and maximum temperature of the Internal Subsystems 















FAB  -20 67 
OBC -20 68 
COM -21 70 
MB1 -22 70 
MB2 -22 66 
RAB -23 68 
BPB -23 68 
X Coil -20 68 
Y Coil -20 69 
Z Coil -23 67 






















Chapter 6 – Conclusion and Future Work 
 
The recent proliferation of lean satellite activities worldwide demands proper testing 
infrastructure. A thermal vacuum test requires special equipment especially to simulate the 
cold condition in space. The use of liquid nitrogen to generate cryogenic temperature is 
difficult for emerging space countries. In this research project, we have demonstrated an 
affordable way of conducting the thermal vacuum test even in resource-limited countries by 
using PeTT technology.  
We demonstrated the capabilities of the PeTT vacuum chamber using the Birds-2S 
replica 1U Cubesat by generating the internal heat dissipation using internal heaters (4.2W) 
to achieve an average temperature range of -29 oC to 52 oC at a chamber pressure of 4.6 x 
10-4 Pa.  
We demonstrated the capabilities of the PeTT vacuum chamber using the engineering 
model of Birds-4 1U Cubesat to achieve an average temperature range of -20 oC to 62 oC at 
a chamber pressure of 3.6 x 10-4 Pa.  
The summary of the test results meets the ISO 19683 test requirement for internal unit 
qualification (QT) which defines lean satellite internal units. The PeTT device components 
are available from online vendors, which make it possible to have access to replicate the 
design of the PeTT device in any area of the world. The cost of the PeTT vacuum chamber 
developed was 31,000USD. 
The operation of the PeTT vacuum chamber is not complex and does not require more 
labor, and longtime set up preparation as compared to LN2-based thermal vacuum chamber. 
Moreover, the PeTT vacuum chamber operation can stop anytime, when there is an 
accident in the test article by turning off the power supply of the PeTT device. PeTT 
vacuum chamber can serve as a TVC facility for space activities in developing countries to 
build human capacity in thermal vacuum testing.  
From the lesson learned in the third half-cycle test, we recommend PeTT heating control 
mode should not be above the operating temperature of 80 oC to prevent destroying the 
Peltier elements. The reason is that 4 multi-stage Peltier elements overheat very fast when 
you change polarities, therefore, we advise you to try to monitor both the temperature of the 
Peltier element and the cold surface plate during operation. 
Recommend this research project should be supported by the global space communities 
not limited to University Space Engineering Consortium (UNISEC), Africa Union Space 








achievement of the 2030 Sustainable Development Goals Agenda of the United Nations 
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Appendix A – Operation and Maintenance of PeTT Vacuum Chamber  
 
This section shows the steps to operate and maintain the PeTT Vacuum Chamber. One 
advantage of the PeTT Vacuum chamber is easy to operate with one or two-person without 
an expert. Unlike LN2 based TVC, you need more than days to fully operate the TVC  and 
require three or more labor plus an expert to ensure the LN2 injection inside the chamber is 
achieved as shown in Appendix Figure A.  
This section shows the steps to operate and maintain the PeTT Vacuum Chamber. One 
advantage of the PeTT Vacuum chamber is easy to operate with one or two-person without 
an expert. Unlike LN2 based TVC, you need more than days to fully operate the TVC  and 
















Steps to Turn ON  the Vacuum Chamber 
1. Close the chamber door after test article (Cubesat, COTS components) is placed on 
the PeTT device 
2. Close All Valves (Rough valve, Rotary pump valve Vent valve, Foreline valve, 
High vacuum valve)  
3. Turn on the  diffusion pump water supply  valve 
 
4. Start the mechanical/Rough pump and allow it for 5 minutes to heat the rotary oil by 









5. Slowly Open Rotary Pump valve 
6. Open Foreline valve to evacuate  air from Diffusion Pump for 2 minutes  
 
7. Close Foreline Valve  









9. Turn on Diffusion Pump Heater, for less than 20 minutes warm-up and check the 
temperature should be around 180~240oC on the LABVIEW control interface on 
the PC. 
 
10. Make sure you attach thermocouple on both the Diffusion pump heater and cooling 
fins to check the temperature level by monitoring on LABVIEW PC 









11. Open  chamber Rough valve and evacuate to less than 10 Pa by monitoring the 
Pirani Gauge controller 
 
12. Close Rough valve 
13. Open Foreline valve 








First, turn on the compressor and wait for 3 minutes. Switch the compressor valve 
to OPEN (pointing green arrow to the left) the high vacuum valve. 
 
 
15. Turn on Ionization Gauge and check if ionization gauge light is on  by pressing FIL  
button of the Ionization gauge controller  
 
 If the Ionization bulb light cannot turn ON it means the high vacuum valve is 
closed or inside chamber pressure is more than 33 Pa or the diffusion pump heat 








 The solution is to close Foreline valve and open rough to evacuate to less than 
10 Pa and start steps 10~12 
 
Steps to Turn OFF the Vacuum Chamber 
1 Close high vacuum valve  
2 Turn off Ionization Gauge  
3 Turn off Diffusion pump Heater and allow 15 minutes to cool  
4 Close Foreline valve  
5 Close rotary pump valve 
6 Turn off Rough pump  
7 Close DP water supply 
8 Remove Test Sample from Chamber  
9 Open vent valve to allow air to the chamber  
10  Open the main gate of the chamber and remove your Test object. 
 
Steps to Operate the PeTT Device 
1 Turn on Water Chiller and set the temperature to 10 degrees (by default)  
Caution: makes sure the water hose valve is opened to allow water to pass to the 









2 Turn on PeTT device power supply  
─ Refer to the  I-V against Temperature of PeTT device cooling and SET the 
desired input voltage and current  
3 Press OUTPUT of the power supply to turn on the PeTT device 
4 Monitor  the temperature of the PeTT  device via the LabVIEW Monitoring PC 
5 Monitor  the temperature of the PeTT  device via the LabVIEW Monitoring PC 
 
Figure B PeTT device cooling mode V-1 against Temperature for a stable water 
chiller temperature of 10 oC 
   Table A lists the V-I against the temperature of the PeTT device cooling and 
heating mode while varying the water chiller temperature levels. The not applicable 
case for hot temperature means the operator should not set the power supply voltage 
and current levels to the set value. For example, a current of 5.5A and voltage of 
17.6V are not right to set for PeTT device hot mode because it will damage or the 
PeTT device due to the high power. The table below summarizes the power input 
levels and regulated water chiller temperature levels practically performed to 


















temperature oC  
5.5 17.6 -77 Not 
applicable  
0 
5.5 17.6 -71 Not 
applicable  
10 
5 17 -67 Not 
applicable  
10 
4.5 15.3 -61 Not 
applicable 
10 
4 13.6 -57 Not 
applicable 
10 
3.5 11.9 -51 Not 
applicable 
10 
3 10.2 -47 Not 
applicable 
10 
2.5 8.5 -41 Not 
applicable 
10 
2 6.8 -37 Not 
applicable 
10 
1 3.4 -31 + 6 10 
2 8 Not 
applicable 
+ 78 10 
     
 
 Figure C shows the controlling temperature levels of the PeTT device under the no-load 
condition in a simulated vacuum chamber of 4.6 x10-4 Pa. This test was conducted for two 
cycles with a time duration of 62 hrs. In summary, the PeTT device surface plate and 
copper shroud time difference throughout the cycles were from 5 oC to 10 oC. During cold 
soak and hot soak levels, the PeTT device was able to control stabilize the temperature 
levels as desired. It is always advisable to keep regulating the water chiller temperature 
levels to achieve the desired temperature by keeping the power supply constant. This case 
will guide the operator not to damage the PeTT device with the passage of high power 









Figure C control temperature levels of the PeTT Device 
 
Lesson Learned in Operating the PeTT device 
  PeTT device is overheated very fast when you change polarity. Typically the heat flux 
coming out of the hot side of each device is on the order of 3 to 5 times the heat going into 
the cold side. For pumping heat the reverse leakage will not matter as much but you will 
reach the junction temperature fairly soon with multiple stages. Peltier devices must not be 
heated above the temperature of the solder used to make them. Careless or inexperienced 
experimentation can easily bring this about. Applied plastic Spacer made of Teflon in 









Figure D  Damaged Peltier module 
 
1. Maintenance of  Vacuum Chamber 
 
Steps in Removing Contaminated Oil from Rotary Pump, 
1. Detached rotary pump from the vacuum chamber  and closed the Inlet of the rotary  
pump  
2. Run the rotary  pump for an hour to lower the oil viscosity  for maximum drainage  
3. Turn off the rotary pump and unlock the oil filler plug and drain plug  for smooth 
oil drainage 
4. Suspend the rotary pump with a crane for smooth draining and tilting  
5. Perform tilting process for 5 times to achieve maximum drainage as much as 
possible  
6. Hand-tight oil filler and drain plug and turn on the rotary pump for 3 seconds and 
unlock to remove remaining contaminated oil   
7. Perform tilting process for 5 times to achieve maximum drainage as much as 
possible  
       As shown in Figures D and E are the activities during the removing contaminated Oil 
from the Rotary pump. Check out the guidelines https://vacaero.com/information-
resources/vacuum-pump-technology-education and-training/page/5. Suspend the rotary 
pump with a crane to achieve better tilting to achieve maximum drainage as shown in 
Figure D.  
 
Flushing of Rotary Pump 
Upon drainage of contaminant oil, put the funnel in the vacuum pump exhaust port 
and fill the pump with ULVAC R70000 flushing oil to halfway up the sight window.  
Switch on the pump and more change the oil level, if necessary. Run the pump for 
around half an hour and switch on the gas ballast valve at the top of the pump 
alternately.  That allows the pump to agitate the oil. Put a sample of the drained oil 
in the second container and compare the amounts of color and content with the first 
sample.  The drained sample will be similar to the initial sample color.  If the oil is 








achieved the pump should be drained of all flushing oil and filled with new vacuum 
pump oil. The condenser coils should be monitored closely for destruction, and the 
inside examined for any lime deposit accumulation. Using filtered water from the 
recirculating water source to minimize or remove this issue, however, using tap 
water may be an issue. 
 
Figure E   
 










Operating and maintenance of diffusion pump 
 The following reference links provide the study on step by step operation and 





 Oil diffusion pumps are distinct from normal mechanical pumps because of the use of 
high-speed oil to guide gas molecules in the pump top to down and escape through the 
foreline. The high-speed oil is produced by heating the oil, like paraffinic based mineral 
oil [1], and then directs the vapor through a series of vertically stacked cone-shaped jet 
arrangements [2].  
 
 The hot oil passes up through the jet panels and is then ejected to the top of each panel 
in a downward direction. The steep-energy oil droplets escape the jets and move down 
the chamber at speeds of up to 0.335 kilometers meters per second [2]. 
 
 
 The vapor jets entrain gas molecules and pass them to the exhaust vents, where a 
roughing pump pumps them away. The result of eliminating molecules is to produce a 
high vacuum that is linked to the vacuum chamber in the top part of the pump [1,2].  
 
  In an oil diffusion pump, a significant amount of energy is stored so care must be taken 
to ensure safe operation. The definition of the diffusion pump and operation while 
cleaning the diffusion pump and filling up with new oil is shown in Figure H. The 
following steps are necessary to understand and maintain the theory of operation of the 
diffusion pump [1,2].  
 Since exposure to atmospheric pressure levels can cause hot hydrocarbon fluids 
to ignite or burst, oil diffusion pumps should never be used for roughing. 
  Do not contaminate the pumping fluid with foreign matter, as it can alter its 
viscosity and block flow paths [1]. 
  Apply circulating water to the diffusion pump tank to control heating and can 
lead to an unstable application [1,2]. 
 Should not turn the heater on without pump oil. It could affect assembly heaters 








 Must not release the pump via air while the boiler is dry. Under such 
circumstances, most oils from the diffusion pump break down [1,2]. 
 When cooling water is in circulation, don't use the pump heaters. This will heat 
the pump and fluid, which will result in uncontrolled service [1,2]. 
 Apply baffle on the foreline to avoid oil loss during operation. 
  Servicing of diffusion pumps records is necessary for the repair recovery 
process in the future  [1,2]. 
 Air loss into the pump can result in this liquid shortage; inadequate water 
cooling; continuous activity within the overflow inlet pressure area[2].  
  The activity of the diffusion pump must be checked after repair. State of the 
report for a while, before and after the recovery[2] 
 Checks the following when leakage occurs: The integrity of the inlet and 
foreline connections; The tightness of the drain and fill plugs; The connecting 
hose pipes between water supply and the water diffusion pump connectors; 
Diffusion pump heaters will sometimes burn out and need to be replaced[1]. 
 
 










Figure H; (a) disassembly of diffusion pump (b) contaminated oil to be removed and 























Appendix B –   Design Guidance of  the PeTT Device  
 
The following are the key points to consider when designing the PeTT device. The 
overview schematic diagram shows the general rule to consider in the thermal analysis of 
the PeTT device (Surface Plate and Shroud, Peltier module, thermal interface, Heatsink, 
and Exchanger) and the test object.  
The general Equation 1~ 4 provides key steps the designer can apply to calculate the cold 
temperature of the test object (Tc) and hot temperature (Th) to be removed by the PeTT 
device heatsink assuming the mode of heat transfer is by conduction and a clean 
environment (for example in a vacuum where the convection is not affected) and the heat 
dissipation power of the test object (Qc) is known and applied in each assembly phase of 
the PeTT device.  
 These design documents also provide additional steps to consider (design parameters) for 
each key component used to design the PeTT device. 















Figure B1 Thermal Design Analysis of PeTT device and Test Object /sample  
 
 Qh = the total heat sink dissipation power (watts). 
 QC = the dissipation power of the test object/sample under consideration (watts). 
 Pin = the input power to the Peltier element (watts). 
 Th = the  hot  temperature of the heatsink, (oC) 
 Tc = the  cold temperature of the test object, (oC) 
 Tw= the heatsink exchanger temperature level (oC) 
  RT= Thermal resistance of heat exchanger (oC/watt) 
 dT = Change in temperature difference between the test object and PeTT device 
heatsink  (oC)   
 I = Current that the Peltier draws from our power source (Amperes) 
 V  = Input voltage of Peltier module (Volts) 
 
 
  Pin = I x V -----------------------------------------------  (1) 
 Qh = QC + Pin   ------------ ---------------------- (2)              
 Th = TW +  RT Qh 
-----------------------------------  (3) 
 dT = Th – Tc--------------- ------------------------------- (4) 









1. Test Object  
The significant parameters to consider are the heat dissipation power Qc, of the test object, 
size, expected temperature range (dTo), the mode of heat transfer (conduction and 
radiation), and the thermal resistance (Ro).  
 
To find Qc, you can use the one dimensional Fourier’s Law of heat conduction equation 




 ……………………. (5) 
Where Qc =  
• Qc: represents the amount of heat transferred  
•  k:  is the thermal conductivity constant for the material,  W/m.k 
• A: is the cross-sectional area of the material transferring heat, m2 
• dTo: is the difference in a temperature range of the test object under consideration, 
OC 
• L:  is the thickness of the material.  
• R: Thermal resistance  OC /W 
 




  …………………….(6) 
Where  
• Qc: represents the amount of heat transferred 
• Ro: Thermal resistance  OC /W  
•  k:  is the thermal conductivity constant for the material,  W/m/k 
• dTo: is the difference in a temperature range of the test object under consideration, 
OC 
Equation 6 ad 7 should be applied to each phase of assembly items (both passive and 
active components). 
 
2. Peltier module  
The significant parameters to consider are the maximum cooling capacity (Qmax), 
temperature range (dTp), maximum input power requirement (Pp = Vp Ip ). Also, the 








maximum input power (Pin) of the Peltier module is significant for the designer to select 
optimum efficiency of the Peltier module. The higher the COP, the lower the  Pin which as 
a result lowers the maximum heat dissipated by the heatsink and its exchanger. It is 
advisable to consider margins by selecting a Peltier module with a higher heat pump or 
cooling capacity (Qmax) than the Qc likewise for dTp and dTo .  
In a selection of the Peltier module for your design, there are free simulation software 
available online provided by Peltier module manufacturers to verify if the Peltier module 
performance can meet your requirement based on the input parameters of the test object 
(Qc and dTo).  
It is significant for the designer to choose an online vendor with many choices of Peltier 
modules which include performance graphical data, specification datasheet, general manual, 
simulation software and recommended assembly items (heat sink, surface plate, thermal 
interface, insulation and many more)   
Check the link http://pcbheaven.com/wikipages/The_Peltier_Thermo-Element/ which 
provides examples of selecting a Peltier module.  
 
3. Surface Plate Attachment and  its Shroud 
The surface plate is where the cold side of the Peltier module is attached. The surface 
plate absorbs the heat dissipation power (Qc) from the test object to the heatsink 
exchanger. The significant parameters to consider are the thermal conductivity of the 
material (the higher the thermal conductivity the higher the heat transfer), the thickness of 
the material, and the thermal resistance. The thermal resistance must be very low  (0.001 
~ 0.1) to increase heat transfer. The thickness of the surface plate should be less than 
10mm. The size of the surface plate should be 0.5 times the area size of the test sample/ 
object 
The thickness of the shroud should be less than 0.3mm and the inside should be painted 
with black paint with a higher emissivity value less than 0.9. Also, there should be a space 
allowance of 50mm between the shroud and the test sample to able to attach 
thermocouples and other cablings. 
4. Thermal Interface 










5. Heatsink and Exchanger 
The heatsink is where the hot side of the Peltier module is attached. The total heat 
dissipated by the heatsink (Qh = Qc +Pin). The significant parameters to consider are the 
thermal conductivity of the material ( for example Copper and Aluminum), the minimum 
thermal resistance value between 0.001 ~ 0.1 OC /W, and material thickness of  15mm or 
more is enough.   
A heatsink 3 times the Qmax of the Peltier module is enough to remove heat from the hot 
side of the Peltier module via the thermal interface. Design the heatsink to always fall 
around an operating temperature less than 10 OC (that means it requires a water cooling 
exchanger with temperature less than 10 OC.)   
Depending on the environment, if for example, you are developing PeTT device to 
operate in a vacuum, you need to consider a water cooling system as the heat sink 
exchanger with a flow rate of more than 6L/min or 3 times more than the heatsink 
specification provided in the datasheet. 
6. Power Supply  
The power supply considered for operating a Peltier module is a Direct Current (DC) 
power supply. The DC power supply should have less than 10 % ripple voltage to avoid 
changes in the output voltages of the DC power supply.  
7. Environment  
The environment to be considered is a vacuum environment, therefore material selection 
is very significant to achieve maximum cooling rate, maximum heat transfer, and reduce 
outgassing. The radiation heat exchange loss between the PeTT device, Test Object, and 
the vacuum chamber wall should be calculated to obtain the energy exchange losses using 
equation 7 below, 














The references below give additional information on the design guidelines for developing 
the PeTT device. 
 “Universal Thermoelectric Design Curves”, R.J. Buist, 15th Intersociety Energy 








 “Thermoelectric Measurement and Design Technology”, R.J. Buist, VI School of 
Thermoelectrics, Institute of Thermoelectricity”, Chernivtsy, Ukraine, September 
1994. 
Heat Sink Design: 
 “Thermoelectric Heat Sink Modeling and Optimization”, R.J. Buist, 13th 
International Conference on Thermoelectric, Kansas City, Missouri, August 30 – 
September 1, 1994. 
 “Effect of Heat Sink Design on Thermoelectric Cooling Performance”, Michael J. 
Nagy and R.J. Buist, 13th International Conference on Thermoelectric, Kansas City, 
Missouri, August 30 – September 1, 1994. 
 “Thermodynamic Optimization of Heat/Cold Sink Extenders in Thermoelectric 
Cooling Assemblies”, Paul G. Lau, Todd M. Ritzer, and R.J. Buist, 13th 
International Conference on Thermoelectric, Kansas City, Missouri, August 30 – 
September 1, 1994. 
 “Economic Optimization of Heat Sink Design”, Todd M. Ritzer and Paul G. Lau, 
13th International Conference on Thermoelectrics, Kansas City, Missouri, August 
30 – September 1, 1994. 
 “The Effect of Fan Orientation on Heat Sink Performance”, Todd M. Ritzer and 
Paul G. Lau, 19th International Conference on Thermoelectrics, Cardiff, Wales, 
United Kingdom, August 20-24, 2000. 
Reliability: 
 “Transient Analysis of Thermal Junction Within a Thermoelectric Cooling 
Assembly”, M.J. Nagy and R.J. Buist, 15th International Conference on 
Thermoelectrics, Pasadena, California, March 25 – March 28, 1996. 
 “Evaluation of Thermal Junction Quality in Thermoelectric Assemblies Using 
Transient Analysis Technology”, T.M. Ritzer and R.J. Buist, 15th International 
Conference on Thermoelectrics, Pasadena, California, March 25 – March 28, 1996. 
 “A Critical Evaluation of Today’s Thermoelectric Modules”, Todd M. Ritzer, Paul 
G. Lau, and Andy D. Bogard, XVI International Conference on Thermoelectrics, 
Dresden, Germany, August 26-29, 1997. 
 “The Effectiveness of Water Vapor Sealing Agents When Used in Application with 
Thermoelectric Cooling Modules”, Michael J. Nagy, XVI International Conference 
on Thermoelectrics, Dresden, Germany, August 26-29, 1997. 
 “The Effect of Pulse Width Modulation (PWM) Frequency on the Reliability of 
Thermoelectric Modules”, Michael J. Nagy, 18th International Conference on 








 “Quick Method for Determining the Reliability of a Thermoelectric Module via 
Pulse Testing”, Todd M. Ritzer, 18th International Conference on Thermoelectrics, 
Baltimore, Maryland, August 29-September 2, 1999. 
 “The Effect of Power Cycling on the Migration of Thermoelectric Modules Within 
a Cooling Assembly”, Michael J. Nagy, 19th International Conference on 





























Appendix C –   Specification and Assembly of the PeTT Device  
 
Table B1 are the Items and Specifications considered following the above design guidance 
in the development of the PeTT device. 




Qmax =16.9 W,   
Delta T = 111 oC , 
Imax =6.7 A ,  
Vmax =23.6 V 
Model:TB-4-(199-97-49-17)-1.5 
Stage 1 (Hot side):  62 mm x40 mm x 3.63 
mm  
Stage 2 : 44mm x 44mm x 3.63 mm 
Stage 3: 31mm x 31mm x 3.63mm 
Stage 4 (cold side) : 20mm x 20mm 
x3.63mm 
Thermal resistance: 0.0008 oC/W 
Material: Aluminum Nitride 
Thermal conductivity: 180W/m/K 
Operating Temperature: 80 oC  
Soldering Temperature Limit:95 oC 




Material Type: Copper 








Dimension: 152 mm length x 127 mm width 
x 10 mm height 
Thermal reistance:0.000025 oC/W 
 
Heat Sink Size: 152 mm x127 mm x 15 mm 
Type: Heat sink water cooler  
Flow rate :6.8 liter/min 
Heat sink pipes: Copper 
Heat sink surface: Aluminum 
Tube: Copper  





I = 13.5 A 
V = 80 W 
Model: PSW 80-13.5 
 
 
Thermal Gel Sheet 
Thermal conductivity :1.9 W/m/K 
Temperature Range :-80 ~ +200 oC  
Thickness :2.2 mm 





Temperature range: : -20oC ~ +30oC 
Cooling Capacity:650W 
Max flow rate:12.9 L/min 














Figure C1 shows the components for  developing PeTT device 
 
1. How to Assemble the Heat Sink, PeTT Device and Surface Plate  
 
 Connect four multi-stage Peltier modules in 2 series and 2 parallel connections to 
operate at the desired output power of 388W (each Peltier module requires a 
current of 5.5 Amperes and voltage of 17.7V) as shown in Figure B2. 
   Drill four holes using a 10 mm drill bit at the edge of the Heatsink ( 3.5mm 
clearance as shown in Figure C3. Make sure you clean all chips from the drilled 
area and other unwanted materials. 
 Clean the surface of the heatsink with alcohol and attach the thermal interface gel 
(Size;126mm x126mm) as shown in B4 
 Attach the hot side (large area) of the four multi-stage Peltier modules on the 








increase the conductivity by removing air gaps between the affected areas as 
shown in Figure B5  
 Attach thermal gel interface ( size 20mm x 20mm) on the cold side (smaller 
area) of the four multi-stage Peltier modules and press it down firmly to increase 




Figure C2:  Two Series and 2 Parallel connection of the Peltier module 
 












Figure C4:  Attached Thermal Gel Interface (size of 126mm x 126mm) attached to the 
Heatsink  
 
Figure C5:  Attach the hot side of the two Series and 2 Parallel connection of the Peltier 










Figure C6:  Attach thermal gel Interface attached to each  Cold side of the Peltier module 
 
 
2. How to Assemble Copper Shroud  
 
 Use a 0.3 mm thick copper sheet and produce a semi-circular shape with a 
diameter of 200mm. 
 Spray one side with a with black paint (TASCO THI-1B)   as the internal 
surface with high emissivity values ( less than 0.9) under very good control to 
achieve strong radiant heat fluxes as shown in Figure C2 
 Bend the edges (5mm) of the copper shroud to be attached to the backside of the 
copper surface plate as shown in Figure C3 
 Drill four holes using  10 mm drill bit at the edge of the copper shroud as shown 
in Figure C3 
 Apply thermal adhesive at the edges of the copper shroud as shown in  
 Press it down firmly to the backside of the surface plate and use a light hammer 
to increase bonding between the copper shroud and the backside of the copper 
surface plate. 
 Bolt using a torque-limiting screwdriver and insulate the bolts with plastic 









Figure C7:  Overview description of the copper shroud assembly  
 
 









Figure C9:  Bended edge (5mm) of the copper shroud attached to the backside of the 
copper surface plate. 
 
Figure C10:  The heat sink bolted to the copper surface plate and copper shroud. 
 
3. How to Integrate PeTT device inside the Vacuum Chamber  
 
 The tube of water-cooled Heatsink is connected to a female 3/8 VCR female 
fitting connector and the ½ VCR male side to the connector of the water 
feedthrough interface of the chamber as shown in Figure D1. 
 








 The water feedthrough interface of the chamber designed by the COSMOTEC  
company circulates water supply in (vacuum )  and out (atmosphere) of the 
PeTT device Heatsink via a 500mm length of flexible stainless hose pipe as 
shown in Figure D1 and D2. 
 
 
Figure C12:  Design parameters of the water feedthrough Interface attached to the 
chamber 
 
Figure C13: Pictorial description of the Integrated PeTT device inside the Chamber 
